
Journal of Colloid and Interface Science231,32–41 (2000)
doi:10.1006/jcis.2000.7097, available online at http://www.idealibrary.com on
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The transport and deposition dynamics of hematite (α-Fe2O3)
colloids in packed quartz sand media are investigated. Column
transport experiments were carried out at various solution ionic
strengths, colloid concentrations, and flow velocities. A colloid
transport model was proposed that includes the dynamics of block-
ing as well as multilayer deposition that takes place at high ionic
strengths where particle–particle interactions are favorable. Block-
ing dynamics in the model are described by either Langmuirian
adsorption (LA) or random sequential adsorption (RSA). Two im-
portant model parameters—the particle–matrix collision effi-
ciency and the ionic strength dependent blocking (excluded area)
parameter—are estimated from the colloid breakthrough curves us-
ing a nonlinear optimization procedure. The collision (attachment)
efficiency for particle–particle interactions, on the other hand, was
determined independently from colloid aggregation rate measure-
ments. At very low ionic strength, only monolayer deposition is
observed and the RSA model gives a better description of the exper-
imental data than the LA model. At higher ionic strengths, multi-
layer deposition becomes significant and both models yield compa-
rable results. Calculated maximum surface coverages at low ionic
strengths were in good agreement with experimentally observed val-
ues obtained by scanning electron microscopy. C© 2000 Academic Press

Key Words: colloid transport; deposition dynamics; blocking
effect; hematite; kinetics.
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INTRODUCTION

Transport of suspended colloidal particles in granular por
media is of fundamental importance in a variety of applied fie
including water and wastewater treatment, industrial separa
processes, and contaminant transport in natural subsurfac
vironments (1–3). In addition to physical factors, such as fl
velocity and pore structure, the mobility of colloidal particl
in porous media is largely controlled by physico-chemical
teractions between the colloidal particles and between the
ticles and stationary matrix surfaces. The magnitude of th
interactions is determined by the balance between attractive
1 To whom correspondence should be addressed. E-mail: kretzschm
ito.umnw.ethz.ch.
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repulsive forces and is therefore strongly dependent on su
charge and solution chemistry (4).

A large number of studies have been conducted investiga
initial colloid deposition kinetics in natural and model poro
media as a function of colloid size, surface properties, flow
locity, and solution composition (5–10). In this context, the te
initial refers to the absence of a significant amount of depos
colloidal particles on matrix surfaces. The results show that
loid deposition in porous media follows a first-order kinetic r
law and is largely irreversible at fixed chemical and physical c
ditions (11, 12). For model systems, filtration theory has b
developed to predict the initial deposition rate of colloidal pa
cles under favorable conditions, i.e., in the absence of repu
forces between colloidal particles and stationary matrix surfa
(13, 14). In the presence of repulsive forces, however, the d
sition rate is decreased by a factorα (0< α < 1), which is often
termed the collision (or attachment) efficiency. In the prese
of attractive electrostatic forces, the deposition rate can als
slightly enhanced (α > 1) at very low ionic strengths (15). At
tempts to predict the attachment efficiency as a function of
face charge and ionic strength based on the well-known DL
theory have not yet been satisfactory, tending to underesti
deposition rates in the slow regime (α < 1) by several orders o
magnitude (5, 16). This discrepancy between experimental
and theory has at least in part been attributed to surface ch
heterogeneity of colloid and matrix surfaces, which appear
be important even in well-defined model systems (17).

In many practical situations, a continuos inflow of colloid
particles into a porous medium can occur. In such situation
matrix surfaces are increasingly covered by deposited collo
particles, the colloid deposition rate can either increase, rem
constant, or decrease with time (12, 18–20). A decrease in co
deposition rate, associated with the so-calledblocking effect, is
observed when the colloidal particles are stable so that repu
particle–particle interactions predominate. In this case, on
monolayer of deposited particles is formed, and the maxim
fractional surface coverage depends on the ionic strength o
solution because of lateral electrostatic repulsion between
loidal particles near the matrix surface. Constant or increa
colloid deposition rates with time are commonly observ
when the colloidal particles are unstable; i.e., particle–par
2
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TRANSPORT OF IRO

interactions occur and lead to the formation of multilayers
deposited particles on matrix surfaces. Both effects have b
observed experimentally in model systems (19, 21, 22) as
as natural subsurface porous media (12).

Models have recently been proposed to describe blockin
fects in ideal model systems where repulsive electrostatic
terparticle forces predominate and multilayer deposition is
feasible (18, 20, 23). Under these conditions where blocking
monolayer deposition prevail, experimental results are usu
in good agreement with model predictions (18, 20–22). Ho
ever, studies on the dynamics of colloid deposition under c
ditions where multilayer deposition occurs are scarce (8,
22, 24). These models of multilayer deposition often consid
simple Langmuirian blocking behavior to account for the c
erage of the bare collector surfaces by the deposited part
(21, 24). Studies on monolayer deposition in granular por
media, however, strongly indicate that random sequential
sorption (RSA) blocking dynamics (18, 23) portrays the coll
deposition behavior at higher surface coverages more accur
Furthermore, the RSA blocking dynamics is fundamentally
lated to the electrostatic and hydrodynamic forces governing
porous medium (8, 23) and, hence, is capable of relating the
loid deposition behavior to the physico-chemical conditions
a given system. Although the above features render this m
superior to the Langmuirian blocking model, the influence
RSA blocking dynamics on multilayer deposition of colloid
particles has not been assessed so far.

The aim of the present study was to investigate the dynam
of colloid deposition as a function of ionic strength, flow ra
and particle concentration using a model system consistin
quartz grains as the porous medium and hematite (α-Fe2O3)
particles as mobile colloids. A transport model is developed
accounts for hydrodynamic dispersion, blocking effects,
multilayer deposition of hematite particles on surfaces of qu
grains. Two different blocking functions, namely, Langmuiri
(LA) and random sequential adsorption (RSA), were used
compared for their ability to describe the experimental data
addition, the maximum surface coverage at low ionic stren
was determined by direct counting and was compared
model calculations. The hematite–quartz system was ch
because it is environmentally relevant but yet sufficiently w
defined to allow a quantitative analysis of the data. Iron ox
colloids are common in subsurface aquatic environments and
potentially serve as carriers for groundwater pollutants (25–

EXPERIMENTAL

Colloidal Hematite Particles

Submicrometer-sized hematite particles were synthesize
aging a concentrated iron hydroxide gel (28). The gel was
pared by adding 100 ml of 6 M NaOH (Merck, p.a.) to 100 m
of 2 M FeCl3 (Fluka, p.a.) in a Pyrex glass bottle and mixi

with a propeller stirrer for 10 min. The bottle was tightly capp
and placed in an oven set to 100◦C for aging. After 72 h, the
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sample was cooled to room temperature. Excess salts we
moved by washing the particles twice with deionized water
centrifugation and then dialyzing the suspension against de
ized water for 12 days. The resulting stock suspension was s
in a polyethylene bottle in the dark at 4◦C.

The hematite suspension was characterized by transmi
electron microscopy, X-ray diffraction analysis, acid–base ti
tions, electrophoretic mobility measurements, and N2-BET sur-
face area analysis (29). The hematite particles were of spher
shape and rather uniform in size, with an average diamete
122± 29 nm (800 particles measured by TEM). The spec
surface area of the particles was 27 m2/g, according to the
N2-BET method (30). Acid–base titration experiments and e
trophoretic mobility measurements showed that the particles
a point of zero charge (PZC) at pH 9.3, which is in excell
agreement with theoretical considerations for the hematite
face (31). Mineral impurities were not detected in the samp

Column Transport Experiments

Colloid deposition dynamics was investigated by condu
ing a series of column transport experiments at different io
strengths, colloid concentrations, and flow velocities. Gl
chromatography columns (Omnifit, Cambridge, England) w
1-cm inner diameter and 3-cm length were uniformly pac
with quartz sand (Aldrich Chemical, Milwaukee, WI). Befo
use, the sand was thoroughly cleaned by washing with sod
dithionite (0.1 M Na2S2O4) and hydrogen peroxide (5% H2O2)
solutions, followed by washing with concentrated hydroch
ric acid (12 M HCl) and deionized water. The sand gra
were rather uniform in size and had an average diamete
about 300µm.

The experimental setup used for the transport experimen
illustrated in Fig. 1. The sand columns were first flushed w
CO2 gas to replace the air and were then water saturate
passing a NaNO3 solution (0–100 mM; pH 5.8) through th
column in the upward direction at a rate of 1.3 ml/min. T
flow rate of the solution was controlled by an HPLC pum
(Jasco, Japan). The columns were then connected to an
tional peristaltic pump (Ismatec, Switzerland; with Masterfl
Quick-Load Head) delivering a well-dispersed hematite susp
sion (111 mg/L; pH 5.8). To minimize particle aggregation
higher ionic strengths, the two feed solutions were mixed
volume ratio of 1 : 1 shortly before the column inlet, resulti
in an inflow hematite particle concentration of approximat
55 mg/L. This particle concentration corresponded to appr
mately 1016 particles/L (Table 1). At the column outlet, a 0.1 g
hexametaphosphate (HMP) solution was added to the colum
fluent to stabilize the colloidal particles using a second HP
pump set to 0.25 ml/min. HMP strongly adsorbs to the hema
surface and causes charge reversal from positive to nega
which prevented colloid attachment to walls of tubings and v
and also prevented particle aggregation prior to determina
edof particle concentration. The stabilized effluent suspension was
collected in regular time intervals using an automated fraction
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FIG. 1. Schematic drawing of the experimental setup used for colloid tr
port experiments. A 1 : 1 electrolyte solution (NaNO3) was pumped through th
sand column using HPLC pump P1. Colloidal hematite particles were add
the inflow solution shortly before entering the column using peristaltic pump
At the column outlet, a dilute hexametaphosphate (HMP) solution was a
using HPLC pump P3 to stabilize the colloidal particles in suspension. The e
ent suspension was collected with a fraction collector and analyzed for pa
concentration.

collector and analyzed for colloid concentration by light a
sorbance at 430 nm. A series of standard hematite suspen
was used for calibration. All transport experiments were car
out at pH 5.8 and 25◦C.

The sand columns were characterized by saturating them
0.1 M NaCl solution and injecting a 0.1-ml pulse of 0.001
NaNO3 solution. The nitrate concentration in the effluent w
monitored using an on-line UV–VIS detector set to a wa
length of 220 nm. The first and second moments of the
trate breakthrough curves were analyzed numerically to d
mine the column pore volume and dispersivity, respectively (
In the model calculations, a theoretical dispersivity value w
used, as explained below. This theoretical value was in g
agreement with experimental values resulting from tracer p
experiments.

TABLE 1
Experimental Parameters for the Colloid Transport Experiments

(Measured Values)

Colloid NaNO3

Experiment Flow velocity concentration concentrati
number [10−4 m/s] [1016 particles/L] [mM]

1 2.38 1.21 <0.01
2 2.08 1.07 0.10
3 2.12 1.14 3.06
4 2.46 1.25 9.43
5 2.11 1.09 31.00
6 2.06 1.06 105.00

7 1.06 1.11 0.10

8 4.23 1.07 0.10
9 2.08 0.27 0.10
ET AL.
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Scanning Electron Microscopy

After completion of the colloid transport experiments, t
sand was carefully removed from the columns and place
ultrafiltered, deionized water. The water was exchanged sev
times with acetone. Single sand grains were air dried, mou
on sample holders for scanning electron microscopy (SEM),
sputter-coated with 5-nm platinum. The samples were viewe
a high-resolution SEM (Hitachi S-900 field emission scann
electron microscope) set to 20-keV accelerating voltage and
ondary or backscattered electron imaging modes. The sur
coverage with colloidal particles was determined by count
the hematite particles on a total quartz grain surface are
288µm2.

MATHEMATICAL MODELING

The Colloid Transport and Deposition Dynamics Equation

Under steady-state saturated flow conditions, the evolu
of the suspended particle concentrationC(x, t) as a function of
travel distancex and timet can be described by an advection
dispersion transport equation including a term to account for
deposition of colloidal particles to stationary matrix surfac
(3, 18):

∂C

∂t
= Dh

∂2C

∂x2
− vp

∂C

∂x
− f

∂Cs

∂t
. [1]

Here,Dh is the hydrodynamic dispersion coefficient for colloid
particles,vp is the average interstitial velocity of colloidal pa
ticles, andf is the bare matrix surface area available for collo
deposition per unit pore volume.

In our model, the surface concentration of deposited parti
Cs(x, t) is given by

∂Cs

∂t
= [kpcB(θ )+ kppθ ]C, [2]

wherekpc is the deposition rate of colloidal particles to ba
matrix surfaces,kpp is the deposition rate of colloidal particle
to previously deposited particles attached to matrix surfacesθ is
the fraction of the bare surface covered with colloidal partic
andB(θ ) is a so-called dynamic blocking function. The last te
in Eq. [2] accounts for the multilayer deposition of the partic
and does not incorporate any additional blocking (or ripeni
mechanism since it is assumed that the rate of particle–par
deposition,kpp, is independent of the thickness of the multilaye
formed. Thus, possible increases in the overall deposition
with time due to an increase in the effective surface area avail
for colloid capture cannot be described by the model. It shoul
noted, however, that the model may be extended to accoun

such effects by including a parameter mathematically analogous
to the dynamic blocking function in the last term of Eq. [2].
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TRANSPORT OF IRO

Equations [1] and [2] can be combined, yielding

∂C

∂t
= Dh

∂2C

∂x2
− vp

∂C

∂x
− f [kpcB(θ )+ kppθ ]C. [3]

The dispersion coefficientDh was calculated from the relation
ship (33)

Dh = D∞/τ + αLvp, [4]

whereD∞ is the Stokes–Einstein particle diffusion coefficientτ
is the tortuosity of the medium, andαL is the dispersivity param-
eter. The dispersivity parameter was obtained from tracer ex
iments performed using quartz sand grains in columns ident
to those used in the present study, and the value of the param
was 7× 10−4 m.

Boundary and Initial Conditions

The governing differential equation for the coupled collo
transport and deposition model, Eq. [3], can be solved num
cally for a given set of operating conditions to yield the collo
breakthrough curves, which represent the evolution of the ef
ent colloid concentration (scaled with respect to the feed c
centration) with time. The boundary conditions at the colum
entrance and exit used in conjunction with the above trans
model are, respectively (18, 19, 24),

C = C0 at t > 0 andx = 0 [5a]

∂C

∂x
= 0 atx = L for all t, [5b]

whereL represents the column length andC0 is the colloid con-
centration in the column influent. Finally, the initial condition
for the problem are

C = 0 for 0≤ x ≤ L andt ≤ 0 [6a]

and

θ = 0 for 0≤ x ≤ L andt ≤ 0, [6b]

where the statement in Eq. [6b] defines the initial condition
Eq. [2].

Solution of the transport and deposition equation [3] provid
the particle breakthrough curves as well as the complete t
evolution of the fractional surface coverage. The appropria
nondimensionalized governing transport equations were so
numerically using the method of lines coupled with a backwa
difference scheme for the time integration (34, 35). The mod
as outlined above, still requires an independent mathema
expression for the dynamic blocking function,B(θ ), and the
pertinent formulations for this function are presented next.

Dynamic Blocking Functions
Different expressions have been proposed for the dynam
blocking functionB(θ ), two of which will be compared in this
N OXIDE COLLOIDS 35
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paper. The first is based on the Langmurian adsorption (L
model with

B(θ ) = 1− βθ. [7]

The second is based on the random sequential adsorption (R
model (18, 23)

B(θ ) = 1− 4βθ + 6
√

3

π
(βθ )2+

(
40√
3π
− 176

3π2

)
(βθ )3, [8]

where the cubic polynomial expression is valid up to a fractio
coverage of ca. 0.4 (23). The parameterβ is defined as the in-
verse of the maximum fractional surface coverage (β = 1/θmax).
Noting that Eqs. [7] and [8] are modifications of the hard-sph
blocking behavior (in which case,β = 1) to account for the elec-
trostatic repulsion between the deposited particles, the bloc
(or excluded area) parameterβ reflects the deviation of the max
imum surface coverage from the hard-sphere jamming lim
due to electrostatic forces. Because of lateral electrostatic
pulsive interactions between particles near the matrix surfa
the blocking parameterβ is expected to increase with decrea
ing ionic strength (18, 36). It is important to note that in lig
of the different maximum allowable surface coverages in
Langmuir (θLA

max= 1) and the hard-sphere RSA (θRSA
∞ = 0.546)

models (18, 21, 23), the parameterβ should be interpreted dif-
ferently when using Eqs. [7] and [8]. Further differences in t
interpretation ofβ in the LA and RSA models are pointed ou
in the Results and Discussion section (18, 36).

Model Parameters

In both models, the change in surface coverageθ with time
can be expressed as

∂θ

∂t
= kpcB(θ )πa2

pC. [9]

The overall colloid deposition rate constantskpc andkpp in gran-
ular porous media can be interpreted as the product of the
deposition rate under favorable conditionskf (in the absence of
electrostatic repulsive or attractive forces) and a collision
ficiency for particle–matrix and particle–particle interaction
respectively,

kpc = kfαpc [10]

and

kpp = kfαpp. [11]

The initial deposition rate under favorable conditions,kf , can be
calculated from filtration theory (4, 13).

The blocking and multilayer deposition model describ

icabove is schematically illustrated in Fig. 2. At low ionic strength,

the collision efficiency for particle–particle interactions,αpp, is
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FIG. 2. Illustration of the colloid deposition model with blocking effect a
multilayer deposition. (a) At low ionic strength, low particle–particle collis
efficiency αpp and high blocking parameterβ lead to the development of
thin monolayer. (b) At medium ionic strength, low particle–particle collis
efficiencyαpp and decreased blocking parameterβ lead to a denser monolay
coverage. (c) At high ionic strength, high particle–particle collision efficie
αpp and low blocking parameterβ lead to multilayer deposition.

very low and the blocking parameterβ is high, resulting in a
sparse monolayer at maximum coverage. With increasing
strength theβ parameter increases, resulting in a denser mo
layer coverage. Further increases in ionic strength lead t
creasedαpp and hence result in multilayer deposition, describ
in this model by stacking of particles in a string-like fashion

For a given set of hydrodynamic and physico-chemical c
ditions, the present model can be used to determine the b
through behavior, provided three parameters, namely, the
sion efficiencies (αpc andαpp) and the blocking parameter (β)
are known independently. The collision efficiencies for partic
matrix and particle–particle interactions and the blocking par
eter strongly depend on the surface charge of the colloids
matrix surfaces and on the ionic composition of the medium
this study, the collision efficiency for particle–matrix collision
αpc, and the blocking parameter,β, were estimated by reconci
ing the experimental breakthrough data and the deposition m
described above using a nonlinear optimization procedure.
Levenberg–Marquardt method (37) was used to estimate th
deposition parameters by minimizing the sum-squared e
between the experimental and theoretical particle breakthr
profiles. The collision efficiency for particle–particle collisio
of hematite colloids was determined independently from ag
gation rate measurements in dilute suspensions using dyn
light scattering (29).

RESULTS AND DISCUSSION

Influence of Ionic Strength on Colloid Transport

The results of the colloid transport experiments condu

at different ionic strengths (Experiments 1–7, Table 1) are p
sented as breakthrough curves in Fig. 3a. In all experiments
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FIG. 3. (a) Breakthrough curves of hematite colloids through colum
packed with quartz sand at different ionic strengths. Lines represent model c
lations based on estimated parameters obtained with the Langmuirian blo
function and multilayer deposition. (b) Collision efficiencies for particle–ma
interactions,αpc, and particle–particle interactions,αpp, as a function of ionic
strength of the solution. (c) Blocking parameter,β, as a function of ionic strength
, the
in solution. The two parametersαpc andβ were fitting parameters, whereasαpp

was determined independently.
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increasing ionic strength was also studied by examining single
sand grains taken from the columns at the end of the transport

2 This value differs from the jamming limit of the hard-sphere RSA model
TRANSPORT OF IRO

relative colloid concentration in the effluentC/C0 increased to
values around 0.15 after the first pore volume. This initial coll
breakthrough depends on theinitial deposition rate of colloida
particles on the clean quartz grains. Since the hematite coll
and quartz grains possess opposite surface charge, fast de
tion kinetics is expected (αpc ≈ 1). At very low ionic strengths
(<10−4 M), the deposition rate may be even slightly accel
ated (αpc > 1) due to the enhanced long-range electrostatic
traction between positively charged hematite colloids and n
atively charged quartz surfaces. Further evolution of the col
concentration with time was strongly ionic strength depend
At the lowest ionic strength (DI-H2O), the colloid concentration
increased rapidly and reachedC/C0 = 1 after about 100 pore
volumes. This breakthrough behavior indicates that the m
mum surface coverage is rather low and that multilayer de
sition is negligible, due to electrostatic repulsion between
colloidal particles at low ionic strength. When the ionic streng
was increased to 0.1 or 3 mM NaNO3, the colloid concentrations
in the effluent also reachedC/C0 = 1, but much more gradually
Thus, multilayer deposition was still negligible, but the ma
mum surface coverage was increased due to increased scre
of particle surface charge. When the ionic strength was fur
increased, multilayer deposition became important and the
fluent concentrations leveled off atC/C0 < 1, depending on the
rate of particle–particle interactions.

The lines in Fig. 3a represent the best fit descriptions
the experimental breakthrough curves with the model base
the Langmuirian blocking function and multilayer depositi
(Eqs. [3] and [7]). In the model breakthrough curves, the e
mated collision efficiency for particle–matrix interactions,αpc,
and blocking parameter,β, were used. As mentioned earlier, th
collision efficiency for particle–particle interactions,αpp, was
determined independently by dynamic light scattering exp
ments in dilute suspensions (29). Overall, the model descr
the features of the colloid breakthrough curves at different io
strengths rather well, although small deviations still remain.
the lowest two ionic strengths, where the blocking effect is do
inant, the model does not accurately describe the change in
position rate at high surface coverages, i.e., nearθmax. At the
highest ionic strength, where multilayer deposition is domina
small deviations from the experimental data also occur.

Figures 3b and 3c show the three model parameters,αpc, αpp,
andβ, as a function of solution ionic strength. The particl
matrix collision efficiency is always expected to be unity, w
a slight increase at very low ionic strength (<10−4 M), because
of electrostatic attraction between positively charged hema
colloids and negatively charged quartz surfaces. As eviden
Fig. 3b, the fitted value forαpc was only slightly greater than
unity, and it indeed exhibited a slight increase at very low io
strength. Since filtration theory was used to calculate the
of fast deposition, based on the assumption of a packed be
uniform and smooth spherical collector grains, deviations fr

the expected value are most likely due to surface roughness
nonideal shapes of the quartz grains. Theαpp values shown in
N OXIDE COLLOIDS 37
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Fig. 3b are strongly ionic strength dependent, as expected f
DLVO theory. At low ionic strength, the particles are very st
ble due to electrostatic repulsion between the positively char
hematite colloids. With increasing ionic strength, the surfa
charge is increasingly screened, resulting in increased c
sion efficiencies for aggregation or multilayer deposition,αpp.
At very high ionic strength, the collision efficiency reaches
value of unity, as would be expected from DLVO theory. T
blocking parameterβ is near unity at high ionic strength an
increases with decreasing ionic strength, implying that at l
ionic strength a single deposited particle is blocking a lar
surface area than that at higher ionic strength. Thus, the de
dence of the blocking parameter on electrolyte concentratio
in conformity with theoretical expectations.

The model calculations and the estimated model parame
based on random sequential adsorption (RSA) and multila
deposition are depicted in Fig. 4. This model was clearly m
accurate in describing the development of colloid concen
tions with time at low ionic strength, where the blocking effe
is dominant. The better performance of the RSA blocking fu
tion over the Langmurian blocking function is most pronounc
at intermediate to high surface coverage relative to the m
imum surface coverage, that is, in the later stages of col
deposition. At higher ionic strength, where multilayer depo
tion occurs, small deviations between the experimental data
the model calculations remain. These deviations may be rel
to the simplifying assumption that multilayers build up only
a chain-like fashion on top of colloidal particles attached to
quartz surfaces (Fig. 2). The model parameters again beha
expected, withαpc close to unity and largely independent of ion
strength,αpp strongly ionic strength dependent, andβ increasing
with decreasing ionic strength.

At this juncture, one should note that the values of t
blocking parameterβ obtained using the LA and RSA mod
els (Figs. 3c and 4c) differ by a (nearly) constant factor of 0
(βRSA ≈ 0.44βLA ). This difference stems from the different de
initions of the blocking parameter embedded in the two block
models. From Eqs. [7] and [8], it can be seen that the dyna
blocking functionB(θ ) becomes zero whenβθ = 1 for the LA
model and whenβθ = 0.442 (the real root of the cubic equa
tion) for the RSA model, respectively. Thus, for a given surfa
coverage,θ , the parameterβ predicted by the RSA model will
be approximately 0.44 times the corresponding prediction ba
on the LA model.

Maximum Surface Coverage at Low Ionic Strength

The transition from monolayer to multilayer deposition wi
and(0.546), owing to our use of the low to moderate coverage virial form of the
dynamic blocking function in Eq. [8].
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FIG. 4. (a) Breakthrough curves of hematite colloids through colum
packed with quartz sand at different ionic strengths. Lines represent mode
culations based on estimated parameters obtained with the random sequ
adsorption blocking function and multilayer deposition. (b) Collision efficie
cies for particle–matrix interactions,αpc, and particle–particle interactions,αpp,
as a function of ionic strength of the solution. (c) Blocking parameter,β, as a

function of ionic strength in solution. The two parametersαpc andβ were fitting
parameters, whereasαpp was determined independently.
ET AL.

ns
cal-
ential
n-

experiments by scanning electron microscopy. Figure 5a sh
a typical sand grain, illustrating that the grains are nonsphe
and exhibit significant surface roughness. Figures 5b, 5c, an
show backscattered SEM images of representative areas on
grains from the experiments conducted with hematite suspen
in DI-H2O, 0.1 mM NaNO3, and 3 mM NaNO3, respectively.
At very low ionic strength, only a monolayer of single hemat
particles was observed on the surfaces of quartz grains (Fig
and 5c). The density of particles on the surface increased wit
creasing ionic strength, in accordance with the decrease inβ with
increasing ionic strength. At higher ionic strength, clear mu
layer deposition was observed, due to attachment of suspe
hematite particles to previously deposited hematite particle
the surface. Thus, these results are in qualitative agreement
the model parameters given in Figs. 3 and 4.

For the two lowermost ionic strengths, where only monolay
of hematite particles were formed and complete particle bre
through (C/C0 = 1) was reached at the end of the experimen
an attempt was made to experimentally quantify the maxim
surface coverage by counting the attached particles on scan
electron micrographs. The results are given in Table 2 and
compared with the calculated maximum surface coverage
sulting from mass balance calculations and LA- and RSA-ba
model parameter estimation. In the mass balance calculat
the amount of attached particles at maximum surface cove
was estimated from the area above the breakthrough curve
ing C/C0 = 1 as the upper boundary and correcting for the fi
pore volume (19). The maximum surface coverage for the
ionic strengths obtained by SEM was in good agreement w
the values resulting from model calculations and mass bala
with a slight tendency of yielding lower values. Again, this d
viation may be explained by a higher surface area of the qu
sand than that assumed in the model calculations, due to p
dispersity and nonspherical shape of the sand grains (Fig. 5a
the model calculations, the surface area of the quartz sand
estimated from the average grain size assuming spherical s

Effects of Particle Concentration and Flow Velocity

Three additional transport experiments were conducte
test the ability of the models to predict the colloid breakthrou
curves at different influent particle concentrations and fl

TABLE 2
Maximum Surface Coverage at Low Ionic Strength Measured by

Direct Counting on Scanning Electron Micrographs (SEM), Mass
Balance Calculations, and Fitting of the Langmuirian- (LA-) and
Random Sequential Adsorption- (RSA-) Based Transport Models

Maximum surface coverage,θmax
Ionic strength

[M] SEMa Mass balance LA fit RSA fit

<10−5 0.10± 0.01 0.15 0.15 0.17
10−4 0.19± 0.02 0.21 0.21 0.23
a The total analyzed surface area for each sample was 288µm2.
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FIG. 5. Scanning electron microscopy images of a typical quartz grain (a) and hematite particles deposited on the quartz surface at the end of transport
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the
experiments conducted at different ionic strengths: (b)<10−5 M (DI-H2O), (c)

velocities. The experimental results along with model pred
tions using the LA-based model are presented in Fig. 6. Sim
predictions were also obtained with the RSA-based trans
model (Fig. 7). The experimental breakthrough curves sh
with open circles were used to estimate the three depos
parametersαpc, αpp, andβ. Assuming that these paramete
particularlyβ, depend predominantly on the ionic strength, a
do not vary appreciably over the range of particle concentrat
or approach velocities used in the study, the breakthrough cu
shown with solid symbols were predicted using these para
ters. As evident in Figs. 6a and 7a, both LA and RSA mo
predictions (lines) correctly accounted for the experimental
pendence of the breakthrough behavior on changes in the
colloid concentration. When the particle concentration is
creased, it takes a much longer time to reach the maximum
face coverage and to decrease the overall deposition rate to
(i.e.,C/C0 = 1).
The influence of the flow velocity on the breakthrough b
havior is shown in Figs. 6b and 7b. It is evident that th
.1 mM NaNO3, and (d) 31 mM NaNO3.

ic-
ilar
ort
wn
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s,
nd
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e-

el
e-

feed
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sur-
zero

predicted breakthrough curves (lines) based on the LA
RSA models also correctly account for the influence of fl
velocity on the deposition behavior. Increasing flow velo
ity results in a greater initial colloid breakthrough after o
pore volume and a faster blocking of quartz surfaces th
after while decreasing the flow velocity has the opposite
fect. It should be kept in mind, however, that the coefficients
the RSA blocking function, Eq. [8], are susceptible to mo
ification due to the hydrodynamic interactions (18, 38) a
consequently, should depend on the approach velocity.
implies that the blocking parameterβ should depend on the ap
proach velocity, which was not considered in the predic
breakthrough curves. The slight deviations between the
dicted and experimental breakthrough curves in Fig. 7b m
be attributed to such a phenomenon. However, this point
not pursued further since the small discrepancies may
arise due to several other competing factors, including
e-
e
assumptions in the model and irregularities in the collector
geometry.
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FIG. 6. Breakthrough curves of hematite colloids through columns pac
with quartz sand at (a) different initial particle concentrations and (b) differ
flow velocities. The experimental breakthrough curve plotted with open cir
was used to estimate the particle–matrix collision efficiencyαpc and the block-
ing parameterβ at 10−4 M ionic strength based on the Langmuirian blockin
function. The experiments shown with solid symbols were predicted using
same model parameters.

CONCLUDING REMARKS

The results of this study demonstrate that, in the case of op
site charge of colloid and collector surfaces, the ionic stren
dependent colloid transport behavior in granular porous me
can be described quite accurately by a model accounting
blocking effects at low ionic strength and additional multilay
deposition at moderately high ionic strengths. Two different d
namic blocking functions were compared, the Langmuirian (L
model and the random sequential adsorption (RSA) model.

results at low ionic strengths indicate that the RSA model mo
accurately describes the dynamics of colloid deposition un
ET AL.
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the influence of surface blocking by attached colloidal partic
Both models were able to correctly predict the influence of fl
velocity and initial particle concentration on the colloid brea
through curves. Maximum surface coverages calculated by
models were in good agreement with values determined by
rect particle counting of SEM images. Although both the L
and RSA models appear to predict the breakthrough beha
reasonably well, a closer inspection of the theoretical pre
tions suggests that the RSA model provides a better explana
of the particle deposition behavior at higher surface covera
This result is particularly encouraging in light of the fact th
the present theoretical approach employs the same numb

FIG. 7. Breakthrough curves of hematite colloids through columns pac
with quartz sand at (a) different initial particle concentrations and (b) differ
flow velocities. The experimental breakthrough curve plotted with open cir
was used to estimate the particle–matrix collision efficiencyαpc and the blocking
parameterβ at 10−4 M ionic strength based on the random sequential adsorp

re

der
blocking function. The experiments shown with solid symbols were predicted
using the same model parameters.
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adjustable parameters when using either the LA or the R
blocking models. The better performance of the RSA mo
suggests that it captures the essence of the deposition m
nisms observed in the experiments more closely than the
model. Thus, the theoretical approach presented here see
quantitatively explain the main features of colloid transport a
deposition phenomena observed in granular porous media
might as well be used for prediction of the colloid breakthrou
behavior with changes in physico-chemical conditions.
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